Introduction
The mammalian target of rapamycin complex 1 (mTORC1) is a central growth controller that coordinates intracellular anabolic and catabolic processes by integrating diverse environmental inputs (1). In cancer, mTORC1 is often dysregulated, resulting in abnormal cell proliferation and growth transformation (1). mTORC1 is activated in response to growth factors, stresses, energy status, and amino acids and hence functions as a downstream effector of the RTK and PI3K/AKT pathways (1). Recently, it was reported that under arginine deprivation conditions, the cytosolic arginine sensor for mTORC1 subunit 1 (CASTOR1) negatively regulates mTORC1 by interacting with and sequestering its critical positive regulator, the GATOR2 complex (2) . Arginine disrupts CASTOR1-GATOR2 interaction by directly binding to CASTOR1, leading to GATOR2 dissociation and subsequent mTORC1 activation (2) (3) (4) . In contrast, CASTOR2 lacks an arginine-binding capacity and is constitutively associated with GATOR2 complex, resulting in persistent mTORC1 inactivation (2) . Because of the essential role of mTORC1 in cancer, we reasoned that cancer cells might manipulate CASTOR1 and/or CASTOR2 to promote growth transformation and tumorigenesis.
Kaposi sarcoma-associated herpesvirus (KSHV) is an oncogenic gammaherpesvirus etiologically associated with Kaposi sarcoma (KS), primary effusion lymphoma (PEL), multicentric Castleman's disease (MCD), and KSHV inflammatory cytokine syndrome (KICS) (5) (6) (7) . Despite intensive studies, the critical host factors required for KSHV-induced tumorigenesis remain unclear, chiefly owing to the lack of a relevant model of KSHV-induced cellular transformation and tumorigenesis. We have recently shown that KSHV can efficiently infect and transform rat primary embryonic metanephric mesenchymal (MM) precursor cells (8) . KSHV-transformed MM (KMM) cells efficiently induce tumors in nude mice with virological and pathological features closely resembling those of KS, making it a robust model for studying KSHV-induced cellular transformation and tumorigenesis (8) .
In KS tumors, most of the tumor cells are latently infected by KSHV, indicating the essential role of KSHV latent infection in the development of KS tumors (9) . These latently infected tumor cells express only a small subset of viral genes including vFLIP (ORF71), vCyclin (ORF72), LANA (ORF73), and over 2 dozen miRNAs derived from a cluster of 12 precursor miRNAs (pre-miRNAs) called KSHV-miR-K12-1-12 (hereafter referred to as miR-K1-12) (9, 10) . miRNAs are 19-to 23-nucleotide-long small, noncoding single-stranded RNAs that usually exert their functions by binding to the 3′-UTR of their target genes to induce degradation or inhibit translation of the transcripts (11) . KSHV-encoded miRNAs are highly expressed during viral latency and in KS tumors (12, 13) and play essential roles in KSHV-induced cellular transformation and tumorigenesis (14, 15) . These viral miRNAs regulate numerous oncogenic pathways to control cell-cycle progression and cell survival by targeting diverse cellular genes, Cytosolic arginine sensor for mTORC1 subunits 1 and 2 (CASTOR1 and CASTOR2) inhibit the mammalian target of rapamycin complex 1 (mTORC1) upon arginine deprivation. mTORC1 regulates cell proliferation, survival, and metabolism and is often dysregulated in cancers, indicating that cancer cells may regulate CASTOR1 and CASTOR2 to control mTORC1 signaling and promote tumorigenesis. mTORC1 is the most effective therapeutic target of Kaposi sarcoma, which is caused by infection with the Kaposi sarcoma-associated herpesvirus (KSHV). Hence, KSHV-induced cellular transformation is a suitable model for investigating mTORC1 regulation in cancer cells. Currently, the mechanism of KSHV activation of mTORC1 in KSHV-induced cancers remains unclear. We showed that KSHV suppressed CASTOR1 and CASTOR2 expression to activate the mTORC1 pathway. CASTOR1 or CASTOR2 overexpression and mTOR inhibitors abolished cell proliferation and colony formation in soft agar of KSHV-transformed cells by attenuating mTORC1 activation. Furthermore, the KSHV-encoded miRNA miR-K4-5p, and probably miR-K1-5p, directly targeted CASTOR1 to inhibit its expression. Knockdown of miR-K1-5p and -K4-5p restored CASTOR1 expression and thereby attenuated mTORC1 activation. Overexpression of CASTOR1 or CASTOR2 and mTOR inhibitors abolished the activation of mTORC1 and growth transformation induced by pre-miR-K1 and -K4. Our results define the mechanism of KSHV activation of the mTORC1 pathway and establish the scientific basis for targeting this pathway to treat KSHV-associated cancers.
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these observations, suppression of mTORC1 with rapamycin or similar drugs is the most effective treatment for patients with KS (35) (36) (37) . Hence, KSHV-induced cellular transformation is a biologically relevant model for investigating the regulation of mTORC1 in cancer cells. Although KSHV-encoded ORF-K1, ORF45, vPK (ORF36), and vGPCR (ORF74) have been reported to activate mTORC1 (38- including IκBα, p21, TβRII, BACH1, Fos, SMAD5, DUSP1, SH3B-GR, GADD45B, GRK2, and CD82 (14, (16) (17) (18) (19) (20) (21) (22) (23) (24) (25) (26) . Furthermore, several KSHV miRNAs regulate viral latency by directly targeting viral genes or indirectly targeting cellular genes (19, 25, (27) (28) (29) (30) . Numerous studies have shown activation of the mTORC1 pathway in KS tumors and KSHV-infected cells (31) (32) (33) (34) . Consistent with Figure 1. KSHV-transformed cells activate the mTORC1 pathway and are sensitive to mTOR inhibitors. (A) mTORC1 was activated in KSHV-transformed cells. Cells were analyzed for p-4EBP1 at Ser65 and p-S6K at Thr389. Three independent experiments were repeated with similar results, and results of 1 representative experiment are shown. (B) Rapamycin and Torin1 inhibited mTORC1 activation in KSHV-transformed cells. Cells were treated with DMSO, 100 nm rapamycin, or 50 nm Torin1 for 16 hours and analyzed for mTORC1 activation. Three independent experiments were repeated with similar results, and results from 1 representative experiment are shown. The same set of samples were run in different gels but with the same loading calibration. (C) Rapamycin and Torin1 significantly inhibited proliferation of KSHV-transformed cells. Cells were treated with DMSO, 100 nM rapamycin, or 50 nM Torin1, and cell numbers were counted daily. Three independent experiments were repeated with similar results, and results from 1 representative experiment with 4 biological replicates are shown as the mean ± SEM. (D) Rapamycin and Torin1 significantly inhibited colony formation of KMM cells in soft agar. KMM cells treated with DMSO, 200 nM rapamycin, or 100 nM Torin1 were examined for colony formation in soft agar. Representative images acquired with a ×4 objective are shown. Graph shows the quantification of colonies with a diameter of greater than 50 μm. Three independent experiments were repeated, and results are shown as the mean ± SEM. (E and F) Rapamycin and Torin1 induced cell-cycle arrest but no significant apoptosis in MM and KMM cells. Cells were treated with DMSO, 100 nM rapamycin, or 50 nM Torin1 for 24 hours and analyzed for (E) cell-cycle progression or (F) apoptosis. Three independent experiments were repeated, and results are shown as the mean ± SEM. Data were analyzed by 1-way ANOVA followed by Tukey's post hoc test for P values below 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001. jci.org Volume 129
Number 8 August 2019
We next determined whether KSHV-transformed cells were sensitive to mTOR inhibition by treating them with the mTOR inhibitors rapamycin and Torin1. Both mTOR inhibitors effectively decreased the levels of p-S6K and p-4EBP1 in KSHV-transformed cells ( Figure 1B ). Furthermore, inhibition of mTORC1 significantly reduced the proliferation and efficiency of colony formation in soft agar of KSHV-transformed cells ( Figure 1 , C and D). The mTOR inhibitors also reduced the proliferation of MM cells, but the inhibitory effect was much weaker than that seen in KMM cells ( Figure  1C ), indicating that KSHV-transformed cells were more addicted to the mTORC1 pathway. Furthermore, Torin1 and rapamycin induced cell-cycle arrest but no significant apoptosis in both MM and KMM cells ( Figure 1 , E and F). These results indicate that the status of the mTOR pathway and the response of KMM cells to mTOR inhibitors resemble those observed in KS tumors in the clinics (31) (32) (33) . Therefore, the KMM model can be used to delineate the mechanism of KSHV-induced activation of the mTORC1 pathway.
KSHV latent infection activates mTORC1 by downregulating CASTOR1 and CASTOR2. Previous studies have shown that CASTORs are negative regulators of the mTORC1 pathway upon arginine deprivation (2) (3) (4) . We examined whether CAS-TORs might be downregulated in KSHV-transformed cells. Compared with MM cells, CASTOR1 and CASTOR2 transcripts were downregulated by 10-and 2.5-fold in KMM cells, respectively ( Figure 2 , A and B). To confirm these results, we examined telomerase-immortalized human umbilical vein endothelial (TIVE) cells latently infected by KSHV (KTIVE). Compared with 41), they are KSHV lytic genes that are barely expressed in KS tumor cells. Since most tumor cells are latently infected by KSHV, these viral genes are unlikely to mediate KSHV activation of the mTORC1 pathway in KS tumors. Hence, identification of KSHV latent genes and products and understanding how they activate the mTORC1 pathway in KS tumors would not only offer insight into the mechanism of KSHV-induced oncogenesis but also a scientific basis for the therapeutic targeting of mTORC1 in patients with KS. In this study, we have delineated a mechanism by which an oncogenic virus hijacks the mTORC1 pathway to drive cellular transformation. Specifically, we found that KSHV-encoded miR-K4-5p and -K1-5p activate mTORC1 by directly targeting CASTOR1, hence contributing to KSHV-induced cell proliferation and growth transformation. These findings demonstrate that CASTOR1 is a tumor-suppressive factor in KSHV-induced growth transformation.
Results
KSHV-transformed cells are sensitive to mTORC1 inhibition. Rapamycin, a potent inhibitor of mTORC1, is the most effective therapy for patients with KS, indicating the importance of mTORC1 in KS tumors (31, 33) . We examined activation of the mTORC1 pathway in KMM cells and detected the activation of 2 canonical downstream effectors of mTORC1 -S6K and 4EBP1 -in KMM cells as shown by their higher phosphorylation levels, with S6K being phosphorylated at Thr389 (p-S6K) and 4EBP1 at Ser65 (p-4EBP1), respectively, compared with the primary MM cells ( Figure 1A) . Thus, the mTORC1 pathway was activated in KSHV-transformed cells. Three independent experiments were repeated with similar results, and results from 1 representative experiment are shown. mRNA results from 3 biological replicates are shown in A and B as the mean ± SEM. (C) For Western blot analysis, the same set of samples were run in different gels but with the same loading calibration. (D) Overexpression of CASTOR1 or CASTOR2 suppressed mTORC1 activation. Western blot analysis of CASTOR1 and CASTOR2 proteins with an anti-Flag antibody and an antibody that detected endogenous CASTOR1 and CASTOR2 proteins and the mTORC1 downstream effectors p-S6K and p-4EBP1 in untransduced MM and KMM cells, and MM and KMM cells transduced with vector control, CASTOR1, or CASTOR2. α, anti. Three independent experiments were repeated with similar results, and results from 1 representative experiment are shown. P values were calculated using an unpaired, 2-tailed Student's t test. ***P < 0.001. jci.org Volume 129
( Figure 2D ), confirming the essential roles of CASTORs in regulating mTORC1 function in normal cells. Together, these results indicate that CASTORs mediate KSHV activation of mTORC1 in KSHV-transformed cells. KSHV-encoded miR-K1 and -K4 mediate KSHV activation of mTORC1 by inhibiting CASTOR1 expression. We focused on identifying the mechanism of KSHV downregulation of CASTOR1, since the extent of its downregulation was much more robust than that of CASTOR2. During KSHV latency, only a few viral products are expressed, including vFLIP, vCyclin, LANA and a cluster of 12 pre-miRNAs. To identify the viral products that downregulate CASTOR1, we generated MM cells latently infected by an individual KSHV mutant with a deletion of either vFLIP, vCyclin, or a cluster of 10 of the 12 pre-miRNAs (miR-K1-K9 and miR-K11). The the uninfected TIVE cells, CASTOR1 and CASTOR2 transcripts were downregulated in KTIVE by 30-and 4-fold, respectively ( Figure 2 , A and B). These results were further confirmed at the protein level ( Figure 2C ). Hence, latent KSHV infection downregulated the expression of CASTOR1 and CASTOR2. Because TIVE cells were already immortalized before KSHV infection, we chose to focus on MM cells.
To determine whether KSHV-induced downregulation of CASTOR1 or CASTOR2 was the cause of mTORC1 activation, we overexpressed CASTOR1 or CASTOR2 in KMM cells. Overexpression of either CASTOR1 or CASTOR2 was sufficient to reduce the levels of p-S6K1 and p-4EBP1 in KMM cells ( Figure  2D ). Interestingly, the levels of p-S6K were also reduced in MM cells following overexpression of either CASTOR1 or CASTOR2 Three independent experiments were repeated with similar results, and results from 1 representative experiment are shown. The same set of samples were run in different gels but with the same loading calibration. (D and E) Pre-miR-K1 and -K4 mediated KSHV downregulation of CASTOR1. Analysis of CASTOR1 mRNA (D) and protein (E) levels in WT cells and ΔmiR cells complemented with vector control or individual KSHV pre-miRNAs. mRNA results in D were from 3 biological replicates and are shown as the mean ± SEM. Three independent experiments were repeated with similar results, and results from 1 representative experiment are shown. Mut, mutant. (F) Pre-miR-K1 and -K4 mediate mTORC1 activation. Western blot analysis of the mTORC1 downstream effectors p-S6K and p-4EBP1 in mock and WT cells and ΔmiR cells complemented with vector control (V) or pre-miR-K1 or -K4. Three independent experiments were repeated with similar results, and results from 1 representative experiment are shown. Data were analyzed by 1-way ANOVA followed by Tukey's post hoc test for P values below 0.05. *P < 0.05 and ***P < 0.001. jci.org Volume 129 Number 8 August 2019 expression levels of CASTOR1 in these cells named ΔvFLIP, ΔvCyclin, and ΔmiR, respectively, were compared with those of uninfected cells (MM or mock) or with cells infected by WT KSHV (KMM or WT). Because of the essential role of LANA in maintaining viral persistence (42), we were not able to obtain cells stably infected by a KSHV mutant containing a deletion of LANA. Deletion of either vFLIP or the miRNA cluster restored CASTOR1 expression to almost the same level as that in the uninfected MM cells, whereas deletion of vCyclin had no effect ( Figure 3 , A and B). These results indicated that both the miRNA cluster and vFLIP were required for suppression of CAS-TOR1 expression. To confirm these results, we examined mTORC1 activation in these mutant cells. Although deletion of the miRNA cluster significantly attenuated the mTORC1 pathway, as shown by the decreased p-S6K and p-4EBP1 levels, neither deletion of vFLIP nor vCyclin had any effect on mTORC1 activation (Figure 3C ). These contradictory results between CASTOR1 expression and mTORC1 activation in ΔvFLIP-mutant cells suggested that an alternative mechanism in addition to CAS-TOR1 expression might be involved in vFLIP regulation of mTORC1 activation. Because the miRNA cluster mutant exhibited the most consistent results of CASTOR1 expression and mTORC1 activation, we subsequently focused on the miRNA cluster.
Previous studies have shown that KSHV miRNAs are highly expressed in KS tumors and are required for KSHV-induced tumorigenesis (12) (13) (14) (15) . Deletion of the miRNA cluster abolished KSHV-induced cellular transformation and tumorigenesis (14) . However, expression of numerous individual KSHV pre-miRNAs was sufficient to restore KSHV-induced cellular transformation and tumorigenesis, with pre-miR-K1, -K4, and -K11 exerting the strongest oncogenic effects (14) . These cells, termed ΔmiR-pre-K1, -K4, and -K11, formed large colonies in soft agar and induced tumors in nude mice as efficiently as did the WT KMM cells. We examined CASTOR1 expression in ΔmiR cells expressing individual KSHV pre-miRNAs. Among all the pre-miRNAs examined, expression of either pre-miR-K1 or -K4 alone in ΔmiR cells significantly inhibited the expression of CASTOR1 transcripts ( Figure  3D ), which was confirmed at the protein level ( Figure 3E ). In agreement with these results, we detected higher p-S6K and p-4EBP1 levels in both ΔmiR-pre-K1 and -K4 cells than in ΔmiR cells, indicating activation of mTORC1 by pre-miR-K1 and -K4 ( Figure 3F ). 293T cells were transfected with a mutated reporter plasmid and pre-miR-K4 plasmid or vector control, and the reporter activity was examined. All experiments were independently repeated 3 times with similar results, and results from 1 representative experiment with at least 3 biological replicates are shown as the mean ± SEM. Data for 2 groups were analyzed by 2-tailed Student's t test. Data for more than 2 groups were analyzed by 1-way ANOVA followed by Tukey's post hoc test for P values of less than 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001.
Overexpression of pre-miR-K1 significantly reduced the luciferase activity of a reporter containing the 35-bp fragment in 293T cells ( Figure 5D ). Similarly, overexpression of pre-miR-K4 significantly reduced the luciferase activity of a reporter containing the 26-bp fragment in 293T cells ( Figure 5E ). Bioinformatics analysis identified a putative miR-K1-5p binding site in the 35-bp fragment ( Figure  5F ) and a putative miR-K4-5p binding site in the 26-bp fragment ( Figure 5G ), respectively. However, we were not able to confirm the miR-K1-5p binding site by mutagenesis analysis (results not shown). It is entirely possible that miR-K1-5p indirectly regulates the expression of CASTOR1. In contrast, mutation of the putative miR-K4-5p binding site in the 26-bp fragment abolished the inhibitory effect of miR-K4-5p on the CASTOR1 3′-UTR reporter in 293T cells ( Figure 5H ), thus confirming that miR-K4-5p bound to this site to suppress CASTOR1 expression. Nevertheless, the identified miR-K4-5p seed sequence is noncanonical. This mechanism of action has been reported for miRNAs, including KSHV miRNAs (19, 43) . Collectively, these results indicate that CASTOR1 is a direct target of KSHV-encoded miR-K4-5p and possibly an indirect target of miR-K1-5p.
CASTOR1 and CASTOR2 inhibit KSHV-induced cell proliferation and growth transformation. mTORC1 is dysregulated in diverse types of cancer and is a prime target in cancer therapy (1). Since CASTOR1 and CASTOR2 are downregulated and negatively regulate mTORC1 in KSHV-transformed cells, they might restrict the proliferation and growth transformation of KSHV-transformed cells. We infected MM and KMM cells with a lentivirus expressing Flag-tagged CASTOR1 or CASTOR2 at different MOI ( Figure 6A ). As expected, we observed significant inhibitory effects on the proliferation of KMM cells in a dose-dependent manner in response to the transduction of CASTORs, with CASTOR1 showing greater inhibitory efficiency than CASTOR2 ( Figure 6B) . At a MOI of 2, 4, and 6, CASTOR1 reduced cell proliferation by 24%, 67%, and 80%, respectively, whereas CASTOR2 reduced cell proliferation by 21%, 32%, and 59%, respectively ( Figure 6B ). In contrast, transduction of either CASTOR1 or CASTOR2 only had a marginally suppressive effect on the proliferation of MM cells ( Figure 6B ). Furthermore, transduction of either CASTOR1 or CASTOR2 at a MOI of 2 was sufficient to significantly reduce the efficiency of colony formation in soft agar, whereas a MOI of 4 or 6 almost completely abolished colony formation in soft agar of KSHV-transformed cells ( Figure 6C ). In agreement with these results, both CASTOR1 and CASTOR2 induced cell-cycle arrest of KMM cells but had a more marginal effect on cell-cycle progression of MM cells ( Figure 6D ). Transduction of either CASTOR1 or CASTOR2 also weakly increased the number of apoptotic or dead cells in KMM cells but not in MM cells ( Figure 6E ). Taken together, we conclude that CASTOR1 and CASTOR2 are tumor-suppressive genes for growth transformation of KSHV-transformed cells and that their downregulation by KSHV is critical for maintaining the growth transformation of these cells.
CASTOR1 and CASTOR2 override KSHV pre-miR-K1 and -K4induced cell proliferation and growth transformation. We have previously reported that KSHV pre-miR-K1 and -K4 are essential for KSHV-induced growth transformation (14) . Whereas deletion of the miRNA cluster abolished KSHV-induced growth transformation and tumorigenesis, complementation of ΔmiR-mutant cells with either pre-miR-K1 or -K4 was sufficient to restore KSHV-induced growth To confirm the above results, we first performed knockdown of miR-K1-5p and -K4-5p, derived from pre-miR-K1 and -K4, using different doses of locked nucleic acid-based (LNA-based) suppressors ( Figure 4, A and B) . Knockdown of miR-K1-5p and -K4-5p significantly increased CASTOR1 expression in a dose-dependent manner at both mRNA and protein levels in KMM but not MM cells (Figure 4 , C-E). Additionally, simultaneous knockdown of both miR-K1-5p and -K4-5p in KMM cells additively increased CASTOR1 expression ( Figure 4 , C and E), indicating that both miRNAs worked synergistically to suppress CASTOR1 expression. Furthermore, knockdown of either miR-K1-5p or -K4-5p suppressed mTORC1 activation as shown by the decrease in p-S6K and p-4EBP1 levels (Figure 4 , F and G). These results indicate that both miR-K1-5p and -K4-5p activate mTORC1 by inhibiting CAS-TOR1 expression.
CASTOR1 is directly targeted by miR-K4-5p and possibly miR-K1-5p. miRNAs induce the degradation of transcripts or inhibit the translation of proteins by directly binding to their target genes. To explore whether CASTOR1 is a direct target of miR-K1-5p and -K4-5p, we cloned the full-length 3′-UTR of CASTOR1 into the pGL3-control plasmid downstream of the luciferase gene (named pGL3-CASTOR1 3′-UTR). We detected pGL3-CASTOR1 3′-UTR luciferase reporter activity in MM, KMM, and ΔmiR-mutant cells. However, the activity was significantly reduced in KMM cells compared with MM and ΔmiR-mutant cells ( Figure 5A) , indicating that KSHV-encoded miRNAs might directly target the CASTOR1 3′-UTR. Accordingly, knockdown of either miR-K1-5p or -K4-5p in KMM cells significantly increased the luciferase reporter activity ( Figure 5B ), whereas expression of either pre-miR-K1 or -K4 decreased the CASTOR1 3′-UTR but not the pGL3-control construct reporter activity in 293T cells ( Figure 5C ). Further deletion analysis identified 35-bp and 26-bp fragments in the CASTOR1 3′-UTR that were targeted by miR-K1-5p and -K4-5p, respectively. 8B). Furthermore, mTOR inhibitors induced cell-cycle arrest in vector as well as pre-miR-K1-and -K4-complemented ΔmiRmutant cells ( Figure 8C ). Both mTOR inhibitors increased the numbers of apoptotic and dead cells in pre-miR-K1-and -K4-complemented ΔmiR cells. However, only Torin1, and not rapamycin, increased the numbers of apoptotic and dead cells in vector-complemented ΔmiR-mutant cells ( Figure 8D ). Together, these results confirmed that pre-miR-K1 and -K4-induced cell proliferation could be reversed by mTORC1 inhibition.
Discussion
Although the mTORC1 complex is well conserved from prokaryotes to eukaryotes, it is hyperactivated and functions as a downstream effector of many oncogenic signaling pathways such those for PI3K/AKT and MAPK in diverse types of human cancer (1). Up to 95.7% of KS tumors showed strong staining for p-S6K, indicating robust mTORC1 activation in these tumors (32) . Numerous reports have revealed that the mTOR inhibitor rapamycin and similar inhibitors are the most effective and tolerable therapeutic agents for KSHV-induced cancers (35, 44) . Consistent with the results of clinical studies, we have shown that mTOR inhibitors are effective in inhibiting the proliferation and cellular transformation of KSHV-transformed cells and have minimal toxicity in normal cells (Figure 1, C-D) . Previous studies have identified several KSHV genes, including vGPCR, vPK, ORF-K1, and ORF45, that activate mTORC1 (38, 40, 41, 45) . However, all of them are viral lytic genes, which are barely expressed during latency or in KS tumors. Since most KS tumor cells are latently infected by KSHV (9), activation of the mTOR pathway is probably mediated by KSHV latent products. Hence, the underlying mechanism of mTOR pathway activation in KS and PEL remains unclear.
Numerous proteins such as sestrin1, sestrin2, SLC39A9, and SMATOR are found to negatively regulate mTORC1 activation in response to nutrition status (46) . CASTOR1 and CASTOR2 are newly discovered suppressors of mTORC1, but their roles in cancer cells remain unclear (2) (3) (4) . In this study, we report for the first time to our knowledge that CASTOR1 has a suppressive role in cell proliferation and cellular transformation. We show that KSHVencoded miR-K4-5p and possibly miR-K1-5p activate mTORC1 by directly targeting CASTOR1, which facilitates KSHV-induced cell proliferation and cellular transformation.
CASTOR1 was originally described as an arginine sensor, because it regulates mTORC1 activity in response to arginine concentration (2) (3) (4) . Because the tumor microenvironment is often deprived of nutrition including arginine, CASTOR1 is expected to be active in tumor cells. Hence, we speculate that tumor cells are expected to evolve mechanisms to inhibit CASTOR1 in order to facilitate anabolic proliferation. In this study, we observed that overexpression of either CASTOR1 or CASTOR2 dramatically inhibited the mTORC1 pathway even in replete medium, leading to decreased cell proliferation in KSHV-transformed cells. These results suggest that either the intracellular arginine concentration of KSHV-transformed cells is below the threshold required to interrupt CASTOR1-GATOR2 interaction, or there is an alternative mechanism by which CASTOR1 regulates the mTORC1 pathway. In fact, a high level of CASTOR1 could overcome the suppressive effect of arginine on CASTOR1 (2). These findings show that transformation and tumorigenesis (14) . To determine whether activation of the mTORC1 pathway by targeting CASTORs was essential for the pro-oncogenic effects of pre-miR-K1 and -K4, we infected pre-miR-K1-or -K4-complemented ΔmiR-mutant cells with a lentivirus expressing either CASTOR1 or CASTOR2 at different MOI (Figure 7 , A-C). Although complementation of ΔmiR-mutant cells with either pre-miR-K1 or -K4 was sufficient for activation of the mTORC1 pathway, transduction of either CASTOR1 or CAS-TOR2 suppressed the activation of the mTORC1 pathway ( Figure  7 , A-C). In agreement with the observation of mTORC1 pathway suppression, both CASTOR1 and CASTOR2 inhibited cell proliferation induced by pre-miR-K1 or -K4 ( Figure 7D ). Furthermore, transduction of either CASTOR1 or CASTOR2 induced cell-cycle arrest ( Figure 7E ) and weakly increased the numbers of apoptotic and dead cells in pre-miR-K1-and -K4-complemented ΔmiR-mutant cells ( Figure 7F ). Collectively, these results demonstrate that CASTOR1 and CASTOR2 antagonize the oncogenic effects of pre-miR-K1 and -K4 and that targeting CASTOR1 by both miR-K1-5p and -K4-5p is essential for the pro-oncogenic functions of these 2 viral miRNAs, which are essential for KSHV-induced growth transformation.
mTOR inhibitors suppress KSHV pre-miR-K1 and -K4-induced cell proliferation and growth transformation. Since our results showed that CASTOR1 and CASTOR2 inhibited growth transformation induced by pre-miR-K1 and -K4 by suppressing the mTORC1 pathway, we further investigated whether the mTOR inhibitors rapamycin and Torin1 could mimic the effects of CAS-TORs. Both rapamycin and Torin1 efficiently inhibited the activation of mTORC1 induced by pre-miR-K1 or -K4 alone in ΔmiRmutant cells complemented with pre-miR-K1 or -K4, as shown by the decrease in p-S6K and p-4EBP1 levels ( Figure 8A ). Consistent with mTORC1 inhibition, rapamycin and Torin1 significantly reduced pre-miR-K1-and -K4-induced cell proliferation ( Figure   Figure 7 . CASTOR1 and CASTOR2 inhibit pre-miR-K1 and -K4-induced cell proliferation. (A-C) CASTOR1 and CASTOR2 inhibited pre-miR-K1 and -K4-induced mTORC1 activation. ΔmiR-mutant cells stably expressing vector control (ΔmiR-V) or pre-miR-K4 (ΔmiR-pre-miR-K4 in A and B) or pre-miR-K1 (ΔmiR-pre-miR-K1 in C) were transduced with increasing doses of lentiviruses of CASTOR1, CASTOR2, or vector control at 2, 4, or 6 MOI for 48 hours and examined by Western blotting for expression of the mTORC1 downstream effectors p-S6K and p-4EBP1. Three independent experiments were repeated with similar results, and results from one representative experiment were shown. (D) CASTOR1 and CASTOR2 inhibited pre-miR-K4 and -K4-induced cell proliferation. ΔmiR-mutant cells stably expressing a vector control (ΔmiR-V), pre-miR-K4 (ΔmiR-pre-miR-K4) or pre-miR-K1 (ΔmiR-pre-miR-K1) were transduced with increasing doses of lentiviruses of CASTOR1, CASTOR2, or vector control at 2, 4, or 6 MOI for 48 hours and examined for cell proliferation. Three independent experiments were repeated with similar results, and results from 1 representative experiment with 4 biological replicates are shown as the mean ± SEM. (E and F) CAS-TOR1 and CASTOR2 inhibited pre-miR-K4 and -K4-induced cell-cycle progression and induced weak apoptosis. ΔmiR-mutant cells stably expressing vector control (ΔmiR-V), pre-miR-K4 (ΔmiR-pre-miR-K4) or pre-miR-K1 (ΔmiR-pre-miR-K1) were transduced with increasing doses of lentiviruses of CASTOR1, CASTOR2, or vector control at 2, 4, or 6 MOI for 48 hours and examined for cell-cycle progression (E) and apoptosis (F). Three independent experiments were repeated with similar results, and results from 1 representative experiment with 3 biological replicates are shown as the mean ± SEM. Data were analyzed by 1-way ANOVA followed by Tukey's post hoc test for P values below 0.05. *P < 0.05, **P < 0.01, and ***P < 0.001. jci.org Volume 129 Number 8 August 2019
Methods Cell culture. TIVE and KTIVE cells were obtained from Rolf Renne of the University of Florida (Gainesville, Florida, USA) (47) . TIVE cells were cultured in VascuLife VEGF Complete Media (Lifeline Cell Technology, LM-0024) plus 10% FBS (MilliporeSigma). KTIVE cells were cultured as TIVE cells in the presence of 10 μg/ml hygromycin. MM and KMM cells were cultured as previously described (8) . 293T cells were obtained from American Type Culture Collection (ATCC) (CRL-3216). 293T cells were maintained in DMEM supplemented with 10% FBS and antibiotics containing 100 μg/mL penicillin and 100 μg/mL streptomycin. Plasmids. The reporter construct of the WT full-length CASTOR1 3′-UTR (CASTOR1 3′-UTR) was generated by cloning the CASTOR1 3′-UTR sequence downstream of the luciferase sequence into the pGL3-control plasmid using the primers 5′-AGTGGTACCGGAA-CAGCAGACCCAACC-3′ (forward) and 5′-AGTCTCGAGTCG-GAACCAGAGGGCACAGC-3′ (reverse). The 35-bp and 26-bp DNA fragments from the CASTOR1 3′-UTR containing putative miRNA targeting sites and the mutated 26-bp fragment were synthesized by Integrated DNA Technology and cloned into the pGL3-control plasmid. The coding sequence of CASTOR1 and CASTOR2 with a Flag tag at the C-terminus was amplified by PCR using the cDNA prepared from MM cells as PCR templates and cloned into the NotI/BamHI sites of the pITA-puro lentiviral vector to generate CASTOR1 and CASTOR2 expression vectors. The primer sequences used for the cloning were as follows: 5′-TATGCGGCCGCGCCACCATGGACTACAAAGAC-GATGACGACAAGATGGAACTTCACATCCAGAGC-3′
(forward) and 5′-ATAGGATCCCTATGGATCTTTGGAAGCCAGG-3′ (reverse) for CASTOR1, and 5′-TATGCGGCCGCGCCACCATGGACTA-CAAAGACGATGACGACAGATGGAACTGCACATTCTGGAAC-3′ (forward) and 5′-ATAGGATCCCTAATGCTTCCCTGCTTGACTG-3′ (reverse) for CASTOR2. All the constructs were confirmed by direct DNA sequencing.
Lentiviral overexpression. The Flag-tagged CASTOR1 and CAS-TOR2 expression plasmid pITA or empty vector pITA was cotransfected with pMDG and p8.74 packaging plasmids into 293T cells using Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific, 11668019). On day 3 after transfection, the supernatant of the 293T cells was collected and filtered. Cells were transduced by spinning infection at 500 g for 1 hour in the presence of 10 μg/ml polybrene. Expression of CASTOR1 or CASTOR2 protein was confirmed by Western blot analysis on day 2 after transduction.
Colony formation in soft agar. A soft agar assay was performed as previously described (8) . Briefly, a total of 2 × 10 4 cells suspended in 1 ml of 0.3% top agar (MilliporeSigma, A5431) were plated onto 1 well of 0.5% base agar in 6 well-plates and maintained for 2 weeks. Colonies with a diameter of less than 50 μm were counted and photographed by microscope with a ×4 objective lens.
Cell-cycle analysis and apoptosis assay. Cell cycle was analyzed by propidium iodide (PI) staining and BrdU incorporation at the indicated time points, as previously described (8) . Briefly, cells were pulsed with 10 μM BrdU (MilliporeSigma, B5002) for 2 hours and then fixed and stained with a BrdU monoclonal antibody (Thermo Fisher Scientific, B35129) and PI (MilliporeSigma, P4864). Apoptotic cells were detected using the Fixable Viability Dye eFluor 660 Kit (eBioscience, 650864) and a PE-Cy7 Annexin V Apoptosis Detection Set (eBioscience, 88810374) following the instructions of the manufacturer. Flow cytometry was performed using a FACS-CASTOR proteins are negative regulators of KSHV-induced proliferation and growth transformation. Whether CASTOR1 is a tumor suppressor in other types of cancer requires further investigation.
KSHV miRNAs are highly expressed during latency and in KS tumors, implicating their essential roles in the development of KS (12, 13) . Indeed, KSHV miRNAs target numerous growth and survival pathways to promote cell growth and cellular transformation (10) . We have previously shown that KSHV pre-miR-K1, -K4, and -K11 have essential roles in KSHV-induced cellular transformation and tumorigenesis (14) . miR-K1-5p and miR-K11, an ortholog of cellular oncogenic miR-155, enhance cell survival and viral latency by directly targeting IκBα to activate the NF-κB pathway and by repressing Fos and BACH1, respectively (14, 17, 19) . However, the role of miR-K4-5p in KSHV-induced transformation remains unknown. Our results showed that miR-K4-5p and possibly miR-K1-5p directly target CASTOR1 to inhibit its expression, leading to mTORC1 activation and KSHV-induced cell proliferation and cellular transformation ( Figure 8E) . These results reveal a mechanism by which KSHV hijacks the mTORC1 pathway to promote tumorigenesis and hence provide the scientific basis for using mTOR inhibitors for the treatment of patients with KS.
We have shown that overexpression of CASTORs and treatment with mTOR inhibitors induce cell-cycle arrest and, in some cases, weak apoptosis in KMM cells and pre-miR-K1-and -K4complemented ΔmiR-mutant cells, indicating that CASTORs and the mTORC1 pathway regulate both cell proliferation and survival in these cells. Although overexpression of CASTORs and treatment with mTOR inhibitors also induced cell-cycle arrest in MM cells and vector-complemented ΔmiR-mutant cells, there was a minimal effect on cell survival in these cells. These results indicate that KSHV miRNAs target other oncogenic and survival pathways in addition to the mTORC1 pathway, findings that are in agreement with the reported functions of KSHV miRNAs (10). ΔmiR-mutant cells stably expressing vector control (ΔmiR-V), pre-miR-K4 (ΔmiR-pre-miR-K4), or pre-miR-K1 (ΔmiR-pre-miR-K1) were treated with DMSO, 100 nM rapamycin, or 50 nM Torin1, and cell numbers were counted daily. Three independent experiments were repeated with similar results, and results from 1 representative experiment with 3 biological replicates are shown as the mean ± SEM. (C and D) Rapamycin and Torin1 inhibit pre-miR-K4 and -K4-induced cell-cycle progression and induce apoptosis. ΔmiR-mutant cells stably expressing vector control (ΔmiR-V), pre-miR-K4 (ΔmiR-pre-K4) or pre-miR-K1 (ΔmiR-pre-K1) were treated with DMSO, 100 nM rapamycin or 50 nM Torin1 for 24 hours, and analyzed for cell-cycle progression (C) and apoptosis (D). Three independent experiments were repeated with similar results, and results from 1 representative experiment with 3 biological replicates are shown as the mean ± SEM. (E) Schematic illustration of KSHV miR-K4-5p and possibly miR-K1-5p direct suppression of CASTOR1, leading to activation of the mTORC1 pathway, enhanced cell proliferation, and cellular transformation. Data in B-D were analyzed by 1-way ANOVA followed by Tukey's post hoc test for P values below 0.05. **P < 0.01 and ***P < 0.001. jci.org Volume 129 Number 8 August 2019
(MilliporeSigma, 7B9). Antibodies against CASTOR1 and CASTOR2 were prepared in rabbits using purified peptide YTLMVDEEGFKEL-C (Chemipeptide). The antibodies recognized both CASTOR1 and CASTOR2 proteins. Transfection and dual-luciferase reporter assay. The LNA-based suppressors for KSHV miRNAs were previously described (14, 19) . Transfections of LNA-based miRNA suppressors (Exiqon) or plasmids were performed with Lipofectamine RNAiMAX (Thermo Fisher Scientific, 13778150) or Lipofectamine 2000 Transfection Reagent (Thermo Fisher Scientific, 11668019) following the manufacturer's instructions. For luciferase assays, MM, KMM, or 293T cells transfected for 48 hours with DNAs of a luciferase reporter plasmid and the Renilla vector pRL-TK (Promega), together with the miRNA expression construct pSuper-miR-K1 or -K4, and with or without an LNA-based miRNA suppressor, were harvested. The relative luciferase activity was assayed using the Dual-Luciferase Reporter Assay System (Promega, E1960).
Statistics. Results are expressed as the mean ± SEM from at least 3 independent experiments or biological replicates as indicated in the figure legends. The differences between 2 groups were analyzed by 2-tailed Student's t test or 1-way ANOVA if multiple groups were compared, followed by Tukey's post hoc test if the P value was less than 0.05. All statistical analyses were performed using GraphPad Prism 6.0 (GraphPad Software). A P value of less than 0.05 was considered statistically significant.
